This paper aimed at measuring the concentration of methane dissolved in effluents from different UASB reactors (pilot-, demo-and full-scale) treating domestic wastewater, in order to calculate the degree of saturation of such greenhouse gas and evaluate the losses of energetic potential in such systems. The results showed that methane saturation degrees, calculated according to Henry's law, varied from ∼1.4 to 1.7 in the different reactors, indicating that methane was oversaturated in the liquid phase. The overall results indicated that the losses of dissolved methane in the anaerobic effluents were considerably high, varying from 36 to 41% of total methane generated in the reactor.
INTRODUCTION
Although the biogas produced in UASB (Upflow Anaerobic Sludge Blanket) reactors treating domestic wastewater usually presents high methane contents (70-80%), significant amounts of the gaseous products remain dissolved in the liquid phase and therefore may be released with the final effluent or via another route (van Haandel & Lettinga ; Noyola et al. ) . In fact, the biogas production in an anaerobic digester only occurs when the gaseous constituents in the liquid phase exceed the saturation concentrations. For a given partial pressure of a specific constituent in the gaseous phase, its saturation concentration in the liquid phase can be calculated by Henry's law. Hence, it has been considered that methane is a gas with low solubility in water, and carbon dioxide and hydrogen sulfide are highly soluble.
In spite of the low solubility of methane in water, several authors have addressed the problem of methane losses dissolved in the effluent of anaerobic reactors, reporting that it could range from 20 to 60% of the theoretical methane production ( Hartley & Lant () developed the hypothesis that the methane dissolved in the effluent of different types of anaerobic reactors could be supersaturated in relation to the saturation calculated according to Henry's law. Assuming some simplifications for the COD mass balance, they attained considerable super saturation concentrations of methane and estimated losses in the effluent that could exceed 80% of the theoretical methane production. The possibility of methane super saturation in anaerobic reactors had been previously mentioned by Singh & Viraraghavan () , referring to a work by Pauss et al. () who extensively discussed the problems of gas mass transfer from the liquid to the gas phase in anaerobic systems.
Due to the relevance of this subject, the objective of this work was to quantify the concentrations of methane in the biogas and dissolved in the effluent of pilot-, demo-and full-scale UASB reactors treating domestic wastewater, aiming to determine its saturation degree and the relative losses in the effluent.
MATERIAL AND MEHODS

Experimental apparatus and operational conditions
The experiments were carried out in demo-scale (named R demo Figure 1 ) and pilot-scale (named R pil Figure 2 ) UASB reactors installed at the Centre for Research and Training in Sanitation (CePTS) UFMG/COPASA, located at the Arrudas WWTP (design flow rate of 4.5 m 3 s À1 ), in Belo Horizonte -Brazil. The reactors were fed with a parcel of the wastewater taken from a chamber upstream of the primary clarifiers of the full-scale plant, after being submitted to preliminary treatment for solids and grit removal. The main characteristics of the UASB reactors are presented in Table 1 , while Table 2 presents the features of the operational conditions tested.
In addition to the pilot-and demo-scale UASB reactors, three sampling campaigns were carried out in two full-scale UASB reactors also treating domestic wastewater, as described in Table 3 .
System monitoring
System's monitoring was carried out for the liquid and gas phases. For the liquid phase, grab samples were collected from the upper part of the settler compartment, before flowing through the outlet weirs (pilot-and full-scale reactors) or the submerged outlet perforated tubes (demo-scale reactor). As for the gas phase, grab samples were collected from the biogas line, from a sampling point located before the gas meters.
Dissolved methane
An adaptation of the methodology described by Alberto et al. () and Hartley & Lant () was used for sampling and analysis of dissolved methane, as follows:
(a) 25 mL of the effluent were carefully collected in 60-mL antibiotic flasks, avoiding any turbulence. The flasks were immediately closed with rubber stoppers and sealed with aluminium caps, being kept under refrigeration until the moment of analysis. (b) After removal from the fridge, the flasks were transferred to an incubator (controlled temperature of 25 W C) and allowed to acclimatize for at least 50 min, then mixed for 10 min with magnetic stirrers in order to establish the equilibrium between the liquid and gaseous phases. (c) The head space of the flask was then sampled and 0.5 mL of gas was injected in a gas chromatograph (Perkin Elmer, FI detector, carbowax packed column, ultra pure nitrogen as carrier gas, and flowrate of 35 mL min À1 ). (d) After the chromatographic analyses, the flasks were weighted and from the net weight of each flask the mass of liquid could be determined, considering the specific mass of 1.0 g mL À1 . The volume of the gas phase was then assessed, considering the difference in relation to the total flask volume (60 mL). The concentration of dissolved methane was finally calculated according to Equation (1).
where [CH 4 ] dis , concentration of dissolved methane (mg L À1 ); [CH 4 ] gas , concentration of methane in the flask gas phase (%); d, density of methane (calculated as 595.4 mg L À1 for 0.91 atm, and 608.6 for 0.93 atm, at 25 W C);
V gas , volume of the flask gas phase (mL); P T , atmospheric pressure (0.91 atm, for Belo Horizonte city, located 900 m above sea level, and 0.93 atm for Itabira city, located 720 m above sea level); P V , water vapour pressure (0.032 atm, at 25 W C); K H , constant of Henry's law for methane (21.5 mg L À1 atm À1 , at 25 W C); V L , volume of the flask liquid phase (mL).
Biogas production and characterization
Biogas production was only monitored for the pilot-and demo-scale reactors. A Ritter ® TG5 gas meter was used to monitor the biogas production of the pilot-scale reactor and a Ritter ® TG3 gas meter was used for the demo-scale reactor. The quantification of methane in the biogas was done via gas chromatograph (Perkin Elmer, TC detector, carbowax packed column, helium as carrier gas, and flowrate of 17 mL min À1 ).
RESULTS
Dissolved methane
Figures 3 and 4 depict the results of dissolved methane concentrations in the effluent of the pilot-, demo-and full-scale UASB reactors. As can be seen, the median (Figures 3 and 4) concentrations varied from 18 to 22 mg L À1 , for the different reactors and different operational conditions. These values would represent equivalent COD concentrations of 70 to 90 mg L À1 due to dissolved methane in the effluent if methane was detected in the COD test. The 25 to 75 percentile boxes in Figure 3 also indicate that more than 50% of the results are between 18 and 23 mg L À1 of dissolved methane, showing the consistency of the results. Similar results were obtained by Hartley & Lant () in the effluent of an anaerobic reactor mixed by biogas recycle. However, the results of the present work are much lower than the ones previously reported by Hartley & Lant () , based on estimations of dissolved methane losses from COD mass balances published by different authors. According to the calculations made by Hartley & Lant () , methane losses could amount to 80% of the total methane production in the reactor. In our study, methane losses in the effluent of the various reactors reached 36 to 41% of the total methane produced, as discussed later in this paper ( Figure 6 ). From the statistical analyses carried out (Mann-Whitney test for independent samples at a significance level of 5%), only the methane concentration in the effluent of the pilot-scale reactor operated at a HDT of 7 h (Rpil-7h in Figure 3 ) was considered higher than the other reactors. This finding could be related to the slightly higher influent COD concentration and, to some extent, to the lower temperature during the operational condition 2, as compared with operational condition 1 ( Table 2) . This altogether with the operating conditions of this reactor (HDT, organic loading rate and upflow velocity) could have favoured a higher organic matter conversion into methane and its dissolution in the liquid phase in the reactor Rpil-7h.
Methane in the biogas
As depicted in Figure 5 , the median methane concentrations in the biogas of the pilot-and demo-scale reactors varied roughly from 60 to 75%, with a clear tendency of higher concentrations being observed at the higher HDT (median concentrations of 63, 70 and 74%, for HDT of 5, 7 and 12 h, respectively). As pointed out by Cakir & Stenstromb () , this could be related to higher concentrations of organic matter in the incoming wastewater, which would increase the relative production of methane and carbon dioxide, reducing the relative concentration of nitrogen in the biogas, as the latter enters the reactor at approximately the same rate, due to the dissolution of nitrogen from the atmosphere into the influent. In the present situation, there was a slight increase of the influent COD concentration during operational condition 2, which could explain the increase of methane concentration for the pilot-scale reactor (HDT ¼ 7 h), but not for the demo-scale reactor (HDT ¼ 12 h). However, there was a decrease of the incoming flow rates (due to the increase of the HDT), and as a consequence there was also a decrease of the relative amount of the incoming dissolved nitrogen into the reactor. In addition, higher HDT may have also allowed higher degrees of organic matter degradation and increased biogas production. 
Degree of methane saturation in effluent
The comparison between the measured concentrations of methane in the liquid phase and the saturation concentrations, calculated according to the Henry's law, allowed the determination of the degree of methane saturation in the liquid effluent, as presented in Table 4 . The saturation concentrations were calculated from the median concentration of methane in the biogas, considering atmospheric pressure: 0.91 atm, for Belo Horizonte city, water vapour pressure: 0.032 atm, at 25 W C, constant of Henry's law for methane: K H ¼ 21.5 mg L À1 atm À1 , at 25 W C. Important to mention that this constant is not available for raw or treated wastewater, therefore the value derived from pure water experiments was used. Although a higher ionic strength would reduce the solubility of the produced gases (methane and carbon dioxide), the presence of hydrophobic material (such as oil micelles, fat particles, etc.) could increase the methane solubility in the wastewater, in relation to pure water. It can be noticed from Table 4 that the methane concentrations in the liquid phase were 1.37 to 1.67 higher than the saturation concentrations calculated according to Henry's law, confirming therefore supersaturation of methane in the effluent of all three reactors. These saturation degrees are however much lower than the estimations reported by Hartley & Lant (). Based on COD mass balances published by other authors, they assumed that the supersaturation degrees could vary from 1.9 to 6.9 times, but this could be due to the simplifications assumed in the calculations, eventually overestimating the dissolved concentrations of methane in the effluent. Also Pauss et al. () reported that the supersaturation of dissolved methane in the liquid phase of anaerobic reactors could reach values as high as 12 times, but, again, not based on direct determinations. In direct determination experiments with an anaerobic moving bed reactor mixed via biogas recycle, Hartley & Lant () found supersaturation degrees varying from one to two times (average of 1.6), which are much closer to the measured values of the present research. The results presented before are also in accordance with Pauss et al. () , who stated that less soluble gases, such as methane, would be supersaturated in the effluent of anaerobic reactors.
The different operational conditions imposed on the pilot-scale reactor apparently did not affect the degree of methane saturation in the effluent, which was higher (around 1.7) than observed in the demo-scale reactor (around 1.4). The reason for this is not clear and deserves further studies, since the only significant difference between Table 5 ) divided by methane density (0.5954 g L À1 ). the pilot-and demo-scale reactors, despite the scale itself, was the much higher HDT of the demo reactor.
Quantification of methane losses
Based on reactor operational conditions and measurements of methane concentrations in the biogas and dissolved in the effluent, it was possible to estimate the methane losses in the effluent, as presented in Table 5 and Figure 6 .
As can be seen from Table 5 , the total methane yield amounted to 0.22-0.24 L CH 4 g COD remov À1 , but if only the methane captured via biogas is considered, these figures drop to around 0.14 to 0.15 L CH 4 g COD remov À1 , confirming that methane losses with the effluent are a very important issue, not only in terms of methane emissions to the atmosphere but also in terms of energy recovery. In general, from the total measured methane production, around 59 to 64% was recovered as biogas and around 36 to 41% was dissolved in the effluent, as depicted in Figure 6 .
CONCLUSIONS
Dissolved methane concentrations in the effluent from the UASB reactors (pilot-and demonstration-scale) were relatively high, varying from 18 to 22 mg L À1 . In addition, the dissolved methane concentration measured in the effluents from full-scale UASB reactors operated in two different wastewater treatment plants were also high, around 20 mg L À1 . The saturation degrees, calculated according to Henry's Law, varied from ∼1.4 to 1.7 times for the different anaerobic reactors, indicating that methane was oversaturated in the liquid phase (anaerobic effluent), however at lower levels than previously reported by Hartley & Lant () . The saturation degree was slightly lower for the demoscale reactor, which was operated at a higher HDT (12 h).
The losses of dissolved methane in the anaerobic effluents were considerably high, varying from 36 to 41% of total methane generated in the reactor. Therefore, research is needed on technologies capable of recovering dissolved methane from the effluent in order to maximize energy potential production and minimize fugitive emissions of greenhouse gas.
